Background
==========

Developmental dyslexia (DD) is a language disorder defined as the specific reading impairments not caused by lowered intellectual abilities, lack of motivation, sensory acuity deficits, or inadequate education. Dyslexia may affect written text comprehension, recognition of written words, and ability to read aloud \[[@b1-medscimonit-20-2256]\].

The cognitive causes of DD have not yet been elucidated. One of the most common theories postulates that dyslexia stems from a phonological deficit manifested by difficulties in manipulation, integration, or segregation of the speech sounds that form a word \[[@b2-medscimonit-20-2256]\]. DD was also conceptualized as an auditory temporal processing deficit \[[@b3-medscimonit-20-2256]\], impaired automatization of basic articulatory and auditory abilities due to cerebellar dysfunction \[[@b4-medscimonit-20-2256]\], or an impairment of the magnocellular system resulting in blurred representation of visual stimuli such as letters \[[@b5-medscimonit-20-2256],[@b6-medscimonit-20-2256]\]. The coexistence of 2 major, relatively independent dysfunctions in DD -- phonological and cerebellar deficits -- was also postulated \[[@b7-medscimonit-20-2256],[@b8-medscimonit-20-2256]\].

The role of attentional deficit in DD has been a subject of debate. Hari and Renvall proposed a theory of pathophysiological sluggish attention shifting (SAS) in DD \[[@b9-medscimonit-20-2256]\]. Accordingly, dyslexic readers display sluggish attentional capture and prolonged time of attentional focus that results from a right parietal lobe dysfunction \[[@b10-medscimonit-20-2256]--[@b12-medscimonit-20-2256]\]. Another theory proposed a limited visual attention span as a core cognitive deficit in DD \[[@b13-medscimonit-20-2256]\]. It postulates a reduced number of discrete visual elements that can be processed in parallel, which interferes with the encoding of letter sequences, leading to reading difficulties. Furthermore, visual attention span disorder can predict reading abilities independently from phonological deficits \[[@b13-medscimonit-20-2256]\].

It is not clear whether dyslexic readers have an overall attention impairment or are affected by more specific deficits. Studies show that children with DD perform poorly in some aspects of attention, whereas others do relatively well.

In keeping with the multidimensional nature of attention, several different aspects of attention have been identified. Posner has proposed 3 independent components of visual attention: alerting, orienting, and executive \[[@b14-medscimonit-20-2256]\].

Alerting is defined as a preparatory phase to detect a target, and can be assessed using warning signals before the target presentation. Orienting attention is an ability to increase the general level of attention in anticipation of a known stimulus and it may be evaluated by a cue indicating a locus of a target. Executive attention refers to an ability to suppress irrelevant or conflicting information. Research shows that dyslexic readers perform poorly on the executive and orienting systems, but not on the alerting system \[[@b15-medscimonit-20-2256]--[@b17-medscimonit-20-2256]\]. The executive deficit in DD is manifested by an inability to suppress interfering information and difficulties in inhibition of inappropriate reactions \[[@b16-medscimonit-20-2256],[@b18-medscimonit-20-2256]--[@b20-medscimonit-20-2256]\]. The orienting component of attention is often investigated using the spatial cueing facilitation task, in which normal readers show a significant cueing effect (e.g., a peripheral visual cue) improves the accuracy when target and cue are presented at the same location. In contrast, this effect is not typically observed in dyslexic readers \[[@b17-medscimonit-20-2256],[@b21-medscimonit-20-2256]\].

DD individuals also demonstrate a visuospatial deficit \[[@b22-medscimonit-20-2256]--[@b33-medscimonit-20-2256]\], often investigated using a visual search task in which a subject has to identify elements, like a letter or shape, in a background of similar elements \[[@b26-medscimonit-20-2256],[@b27-medscimonit-20-2256],[@b31-medscimonit-20-2256],[@b32-medscimonit-20-2256]\]. Visual search deficit has often been considered a result of dysfunction of the magnocellular part of the visual system, which plays an important role in guiding visual attention \[[@b11-medscimonit-20-2256],[@b32-medscimonit-20-2256],[@b34-medscimonit-20-2256]\]. There is, however, evidence for independence of an ability to visual search on the magnocellular functions. In one of the studies \[[@b31-medscimonit-20-2256]\], children with DD responded as quickly as possible to the target (a black circle) presented among distractors (a black circle with a gap). In general, the DD group performed more slowly than controls, but when dyslexic children were divided into groups with or without a magnocellular deficit, none of the groups differed significantly from children with normal reading ability. The authors provided an alternative to the magnocellular system dysfunction explanation for poor performance on visual search tasks in DD. Accordingly, a target (e.g., a letter) is degraded or masked by non-targets in the surroundings and this could be due to difficulty inhibiting stimuli that are not the focus of attention.

Visual scanning in DD was also investigated using alphabet characters as search stimuli. In a series of experiments conducted by Casco et al. \[[@b32-medscimonit-20-2256]\], children with DD who showed the most profound deficits in the cancellation task also had significantly slower reading rate and committed more errors during reading than children who performed best in the task. The authors concluded that a related difficulty in visual search and reading might be due to a deficit in the visual selective attention mechanism.

There is also evidence of impaired divided attention in DD \[[@b35-medscimonit-20-2256]\]. In this study \[[@b35-medscimonit-20-2256]\] young adults with DD performed 2 tasks concurrently: Serial Reaction Time (SRT) and tone counting tasks. The SRT test was conducted over 1 practice session corresponded to an acquisition phase of learning and a second session, 24 h later, which was used to investigate the consolidation process. In contrast to normal readers, the DD group showed a delayed acquisition of the motor skill in SRT and no effect of enhanced consolidation. The results indicate less effective sequence learning under the condition of divided attention in dyslexic readers.

Considering the variety of attentional problems in dyslexic readers, it seems reasonable to search for subtypes of DD characterized by distinguishable impairments. Therefore, the main purpose of this study was to identify distinct patterns of attentional deficits in children with DD. This approach might provide more information on the nature of attentional dysfunction in DD and have important implications for development-specific, and thus more effective, therapies.

In the present study we used well-established tests to assess the following attention functions: alertness, covert shift of attention, divided attention, flexibility, inhibition, vigilance, and visual search. These attentional processes were derived from the neuropsychological models proposed by Posner and Petersen \[[@b14-medscimonit-20-2256]\] and Manly et al. \[[@b36-medscimonit-20-2256]\]. A cluster analysis was performed to determine different profiles of attentional deficits in DD.

Material and Methods
====================

Participants
------------

The study sample consisted of 78 Polish primary school children diagnosed with dyslexia (30 girls, 48 boys, mean age of 12 years ±8 months, age range: 9 years 10 months to 12 years 6 months), and 32 children without reading difficulties (14 girls and 18 boys, mean age of 11 years ±9 months, age range: 10 years to 12 years 6 months). Dyslexic and control groups were not significantly different in chronological age (z=.22, p\>.05), total IQ (z=1.50, p\>.05), verbal and nonverbal IQ (z=1.93, p\>.05 and z=.45, p\>.05, respectively), Digit Span Forward (z=1.50, p\>.05), and Digit Span Backward (z=1.68, p\>.05). There were also no significant gender differences between DD and control children (z=.15, p\>.05).

Children with DD were recruited by an experienced multidisciplinary team in 4 Psychological and Educational Clinics in Warsaw. They were diagnosed using the Polish normalized test battery for diagnosis of dyslexia in either third \[[@b37-medscimonit-20-2256]\] or fifth grades \[[@b38-medscimonit-20-2256]\] and the Wechsler Intelligence Scale for Children -- Revised (WISC-R) \[[@b39-medscimonit-20-2256]\]. Children without reading difficulties were recruited from 4 primary schools in Warsaw. All participants had a similar social and educational background, were right-handed \[[@b40-medscimonit-20-2256]\], attended school regularly, had normal IQ (\>90), and had no history of neuropsychiatric disorders or head trauma. None of the children had diagnosis of ASD, ADD/ADHD, or SLI, and none displayed any symptoms of these disorders. Each participant had hearing in both ears ≤20 dB HL for each of the following frequencies: 125, 250, 500, 750, 1000, 1500, 2000, 4000, and 8000 Hz (standard tonal audiometry) and normal or corrected-to-normal vision.

Parents of each child provided written informed consent for participation in this study. The study was approved by the ethics committee at the Institute of Physiology and Pathology of Hearing and conformed to the Declaration of Helsinki for research on humans.

Materials and procedure
-----------------------

Children with DD performed the tests in the Institute of Physiology and Pathology of Hearing and control children at their schools or in the Institute of Physiology and Pathology of Hearing. Children were tested individually, in a quiet room. The tasks were performed in 2 sessions of approximately 2 hours each, with a break of a few days between sessions. The order of tests was counterbalanced over participants.

Reading
-------

Reading abilities were assessed reading both real words and artificial words. In the *Real Word Reading,* the child should read aloud a list of 89 real Polish words as quickly as possible. The number of correctly read words in 60 s is recorded. In the *Artificial Word Reading,* the child is asked to read aloud a list of 71 artificial words as quickly and accurately as possible. The number of correctly read words in 60 s is calculated. Both these tests are included in the Polish normalized test battery for diagnosis of dyslexia in the third grade \[[@b38-medscimonit-20-2256]\].

Phonological skills
-------------------

Phonological skills were assessed using the *Phonological Awareness Test* \[[@b41-medscimonit-20-2256]\], which includes 4 tasks. The first is to split a single word into syllables and add the syllable "ka" before each syllable of the word (e.g., a word /rano/ *(morning)* is pronounced by an experimenter and the child should say: /ka-ra/ -- /ka-no/). The second task is to decipher coded words (e.g., a response to the word: /ka-pa/ -- /ka-sek/ should be: /pasek/ *(a belt)*/). During the last 2 parts of the test, the word coding using "ka" was done at the sentence level. Specifically, the child was asked to add "ka" before each syllable of each word in a sentence. For example, after hearing a sentence: /Pada deszcz/ *(It's raining)* the child should say: /kapa/ -- /kada/ -- /kadeszcz/. Finally, the fourth task was to decipher coded words in a sentence, for example, to say: /Mama gotuje obiad/ *(Mother is cooking the dinner)* in response to the coded sentence provided by an experimenter: /Kama/ -- /kama/ -- /kago/ -- /katu/ -- /kaje/ -- /kao/ -- /kabiad/. The percentages of correctly coded syllables and correctly recognized deciphered words are recorded.

Attention
---------

The Alertness, Covert Shift of Attention, Divided Attention, Flexibility, Go/NoGo, and Vigilance tests from the computerized Test of Attentional Performance (TAP) battery \[[@b42-medscimonit-20-2256]\], as well as D2 Attention Assessment Test \[[@b43-medscimonit-20-2256]\], were administered to evaluate different aspects of attention. Each test was preceded by a training session to familiarize the child with the procedure.

*Alertness* is examined under 2 conditions. In the first condition, the child is asked to press a key as quickly as possible to a white cross appearing at the center of the screen at randomly varying intervals. The task measures tonic arousal, which refers to the general state of wakefulness. In a second condition, reaction time is recorded in response to a white cross preceded by a warning tone. This test evaluates phasic alertness, defined as transient focusing of attention on an anticipated event. The mean reaction time and the total number of errors (omissions and anticipations) are calculated separately for each condition.

The *Covert Shift of Attention* refers to ability to focus attention on part of the surrounding space. The task is to press the key as quickly as possible when the target cross appears on the left or on the right side of the screen. Before each cross, a cue (an arrow pointing either to the right or to the left) appears, which indicates the expected side of the target,. The cue is correct in 80% of the trials and incorrect in 20%. Following an incorrect cue, attentional focus is initially shifted to the cued side, after which there is a new shift of focus to the actual occurrence of the target stimulus. The mean reaction times and the number of errors in trials with valid and invalid cues are recorded.

In the *Divided attention* test, a visual and an auditory task are performed in parallel. In the visual task, a quadratic field of dots (4×4) appears at the center of the screen, indicating 16 positions at which 6--8 crosses appear. The child is asked to press the response key as quickly as possible when 4 crosses form the corners of a small square. In the auditory task, a high and a low tone are presented alternately in sequence. The child presses the key as quickly as possible when the same tone occurs twice in a row. The total number of missed signals and average reaction time on the visual and auditory tasks are recorded.

The *Flexibility* test measures ability to change perceptual set easily. A letter and a number are simultaneously presented on the right and left of the center of the screen. The task is to press the left or right key according to whether the letter appears on the left or the right of the center. The test comprises 50 trails. The total number of errors and mean reaction time are recorded.

The *Go/NoGo* test measures an ability to perform a certain task under time pressure and to inhibit inappropriate behavioral reactions. Two types of stimuli -- 20 plus symbols ("+") and 20 crosses ("×") -- are presented sequentially in the center of the screen. The child is asked to press the key as quickly as possible whenever the cross appears. No reaction is required in response to the plus symbol. The total number of errors and mean reaction time are calculated.

The *Vigilance* test examines ability to focus and maintain attention over a long period of time. Two squares are presented one above the other in the center of the screen, between which a grate pattern moves up and down. The task is to press the key as quickly as possible whenever the "grate" appears twice in a row in the same square. The number of errors and mean reaction time are calculated.

The *D2 Attention Assessment Test* measures ability to explore the visual environment in search of the target stimuli. The task consists of the letters "d" and "p" with 1--4 dashes, arranged either individually or in pairs above and below the letter. The task is to scan across each line in order to identify and cross-out each "d" with 2 dashes. The test comprises 14 lines (47 letters per a line). The child has 20 s for searching a line. The total number of errors and cancelled letters (both correctly and incorrectly) are recorded. The number of errors refers to the correctness level and cancelled letters are a measure of general processing speed.

Data analyses
-------------

Since some variables did not have a normal distribution and there was a considerable difference in the number of participants between the dyslexic and the control group, a non-parametric test (Mann-Whitney U test) was used for between-group comparisons.

To reduce the data set before exploring the subtypes of DD, a principal component analysis (PCA) with a varimax rotation was conducted in dyslexic children on the data obtained in attentional tests. Only variables with normal distribution were included. Normality was tested for each variable using the Kolmogorov-Smirnov test. Because the analyzed variables were measured on different scales (e.g., percentages and milliseconds) prior to the PCA, the data were standardized. All factor loadings greater than ±.50 were used for interpretation.

The existence of subtypes of dyslexia was tested with a 2- step cluster analysis performed on factors identified in the PCA. The analysis was run for a maximum of 15 clusters, log-likelihood distance estimation, Akaike's information criterion, no noise-handling for outlier treatment, initial distance change threshold of 0, a maximum of 8 branches per leaf node, and a maximum of 3 tree depth levels. The cluster analysis was conducted on the factors previously extracted in the PCA.

One-way ANOVA and tests of contrasts were used to compare the variables between dyslexic clusters and the control group. All statistical analyses were conducted with SPSS 20 for Windows.

Results
=======

Between-group comparisons
-------------------------

Not surprisingly, children with DD achieved significantly lower scores than the control group in the Real Word Reading, Artificial Word Reading, and Phonological Awareness tests ([Table 1](#t1-medscimonit-20-2256){ref-type="table"}).

Considering the attentional functions, dyslexic children performed poorly on the Alertness, Divided Attention, and Flexibility tests (longer reaction times), as well as on the Covert Shift of Attention task (longer reaction times in trials with both valid and invalid cues, more errors in trials with valid cues). They also had significantly more errors and less cancelled letters than the control children in the D2 Attention Assessment test. There were no significant between-group differences in performance on the Go/NoGo and Vigilance tests. Detailed results are shown in [Table 1](#t1-medscimonit-20-2256){ref-type="table"}.

Principal component analysis (PCA)
----------------------------------

The PCA was calculated only on the variables with a normal distribution -- mean reaction times in the Alertness (trials with and without warning signal), Covert Shift of Attention (trials with valid and invalid cues), Divided Attention, Flexibility, Go/NoGo, and Vigilance tasks, as well as the number of errors and cancelled letters in the D2 Attention Assessment test.

This PCA revealed a 5-factor solution. The first factor -- "Alertness" -- accounted for 19.78% of the variance (eigenvalue=1.98) and received high loading from the Alertness test. The second factor -- "Covert shift of attention" -- accounted for 19.13% of the variance (eigenvalue=1.91) and received input from the Covert Shift of Attention task. The third factor -- "Attentional shifting" -- explained 18.85% of the variance (eigenvalue=1.89) and obtained high loadings from the Flexibility, Go/NoGo, and Divided Attention tests. The fourth factor -- "Visual search"---accounted for 13.41% of the variance (eigenvalue=1.34) and received input from the D2 Attention Assessment test. The fifth factor -- "Vigilance" -- explained 10.84% of the variance (eigenvalue=1.08) and received high loading from the Vigilance task. All these factors cumulatively accounted for 82.03% of the variance. The rotated factor loadings are presented in [Table 2](#t2-medscimonit-20-2256){ref-type="table"}.

Clusters of children with DD
----------------------------

Two-step cluster analysis revealed 3 clusters ([Figure 1](#f1-medscimonit-20-2256){ref-type="fig"}). Cluster 1 included 43 children, cluster 2 included 20 children, and cluster 3 included 15 children. There were no significant differences between the clusters and the control group in gender (z=.94, p\>.05), chronological age (F(3,109)=2.60, p\>.05), total IQ (F(3,109)=2.15, p\>.05), and verbal and nonverbal IQs (F(3,109)=1.76, p\>.05 and F(3,109)=1.59, p\>.05, respectively), or Digit Span Forward (F(3,109)=1.03, p\>.05) and Digit Span Backward tests (F(3,109)=1.95, p\>.05).

The clusters significantly differed from the control group in the number of scores achieved in the Real Word Reading (F(3,109)=17.30, p\<.001) and Artificial Word Reading (F(3,109)=22.90, p\<.001), as well as in the Phonological Awareness test (F(3,109)=10.16, p\<.001). There were also significant differences between dyslexic clusters and the control group in mean reaction time in the Alertness (F(3,109)=11.52, p\<.001 for trials without warning signal and F(3,109)=9.89, p \<.001 for trials with warning signal), Divided Attention (F(3,109)=5.35, p\<.01), Flexibility (F(3,109)=5.52, p\<.01), Covert Shift of Attention in trials with both valid (F(3,109)=8.94, p\<.001) and invalid cues F(3,109)=5.92, p\<.001), as well as in the Vigilance tests (F(3,109)=16.63, p\<.001). Significant differences in the number of errors were found in the Vigilance (F(3,109)=4.22, p\<.01) and in trials with valid cue in the Covert Shift of Attention tasks (F(3,109)=3.16, p\<.05). In the D2 Attention Assessment test, dyslexic clusters and the control group were significantly different in the number of errors and cancelled letters (F(3,109)=61.15, p\<.001 and F(3,109)=15.47, p\<.001, respectively).

There were no significant differences between the clusters and control group in the Go/NoGo test (F(3,109)=1.57, p\>.05 for errors and F(3,109)=1.61, p\>.05 for mean reaction time).

Characteristics of the clusters
-------------------------------

The detailed characteristics of particular clusters of DD and the control group are shown in [Figure 1](#f1-medscimonit-20-2256){ref-type="fig"} and [Table 3](#t3-medscimonit-20-2256){ref-type="table"}.

Children in cluster 1 had significantly more errors and less cancelled letters in the D2 Attention Assessment test, and had longer reaction times compared to the control group in the Divided Attention and Flexibility tests.

In comparison to non-dyslexic children, cluster 2 had more errors and less cancelled letters in the D2 Attention Assessment test, longer reaction times in the Alertness, Divided Attention, and Covert Shift of Attention tests, and longer reaction time and more errors in the Vigilance task.

Cluster 3 performed worse than the control group in the D2 Attention Assessment test (more errors and less cancelled letters) and in the Covert Shift of Attention task (longer reaction times in trials with valid and invalid cues accompanied by more errors in trials with valid cues).

Discussion
==========

The main issue addressed to the study concerns the nature of attentional deficits associated with DD. Compared to age- and gender-matched controls, dyslexic children showed impairments in tasks requiring visual search, alertness, covert shift of attention, divided attention, and flexibility but not in those involving inhibition or vigilance ([Table 1](#t1-medscimonit-20-2256){ref-type="table"}). Since there were no significant differences between dyslexic and control groups in chronological age, gender, intellectual abilities, and short-term memory span, the impaired performance on attentional tests in DD cannot be attributed to these factors.

In the present study, attentional problems in DD coexisted with reduced phonological awareness, which is postulated as one of the main cognitive causes of dyslexia \[[@b2-medscimonit-20-2256],[@b44-medscimonit-20-2256]\]. Our results might also support the cerebellar deficit hypothesis, which argues that cerebellar abnormalities cause the impaired automatization of articulatory skills and auditory processes leading to the reading problems \[[@b4-medscimonit-20-2256],[@b45-medscimonit-20-2256]--[@b47-medscimonit-20-2256]\]. Nicolson and Fawcett proposed 2 mechanisms by which the cerebellum might be involved in DD \[[@b47-medscimonit-20-2256]\]. One mechanism assumes that cerebellar dysfunction during infancy causes mild motor problems that lead to articulation difficulties, impaired sensitivity to the phonemic structure of language, and to the phonological deficit. The other mechanism assumes that a cerebellar dysfunction leads to reduced processing speed, which would affect a broad spectrum of cognitive functions, including attention.

In the present study, children with DD had longer reaction times than their normal-reading peers in tests measuring different aspects of attention ([Table 1](#t1-medscimonit-20-2256){ref-type="table"}). Thus, a slowing of processing speed as a consequence of the cerebellar dysfunction seems to provide a reasonable explanation for reduced performance on the attentional tasks in dyslexia.

Since prefrontal and posterior parietal cortices are considered brain structures crucial for attention \[[@b48-medscimonit-20-2256]--[@b50-medscimonit-20-2256]\], the close anatomical connections to the cerebellum indicate a cerebellar involvement in this function. A dysfunction of the cerebro-cerebellar circuit has been previously found in ADHD \[[@b51-medscimonit-20-2256]\], and patients with cerebellar lesions have attentional problems \[[@b52-medscimonit-20-2256]\]. The cerebellum is considered a brain structure that "prepares internal conditions \[...\] by repositioning sensory receptors; by altering cerebral blood flow levels; by enhancing neural signal to noise; by enhancing neural responsiveness in hippocampus, thalamus, and superior colliculus; by modulating motor control systems" \[[@b53-medscimonit-20-2256] p. 2\]. Therefore, sensory processing and motor and attentional performance are facilitated by these preparations.

General or specific deficits in DD?
-----------------------------------

The present study indicates specific difficulties rather than an overall attentional impairment in DD. The interpretation of the results is, however, not straightforward.

Previous studies indicate specific, not global, attentional impairments in DD \[[@b15-medscimonit-20-2256],[@b16-medscimonit-20-2256],[@b54-medscimonit-20-2256]\]. Marzocchi et al. \[[@b54-medscimonit-20-2256]\] found that dyslexic children performed poorly on sustained and executive attention but not in selective and orienting attention tasks. Bednarek et al. \[[@b16-medscimonit-20-2256]\] provided evidence of an impaired executive component of attention and preserved alerting and orienting systems. Buchholz and Davies \[[@b15-medscimonit-20-2256]\] found deficits in the orienting and executive components of attention in dyslexic adults, and the alerting system appeared to be intact. Within this framework, our study showing impaired alertness, attentional shifting, divided attention, and visual search -- but not vigilance and inhibition -- processes, provide further evidence of specific attentional deficits in dyslexic children.

We found that DD readers had longer reaction times than the control group in tests measuring tonic and phasic alertness. Impaired alertness, which is general wakefulness that enables a person to respond quickly and appropriately to a given demand \[[@b42-medscimonit-20-2256]\], might influence every attention performance. The visual search task is timed and thus is affected by processing speed. The Covert Shift of Attention, Divided Attention, and Flexibility tests also require quick reactions to presented stimuli. Because in our study dyslexic children experienced difficulties not only in tasks involved a more complex cognitive process, where a selective response to relevant stimuli is required, but also in a simple reaction time task (Alertness), the most likely explanation for these findings could be a general motor slowness in DD.

Petersen and Posner \[[@b55-medscimonit-20-2256]\] proposed a right hemispheric noradrenergic alerting network in the locus coeruleus in the brainstem as the origin of the norepinephrine system \[[@b56-medscimonit-20-2256]\], as well as the frontal and parietal areas. Further, research indicates right lateralization of the processes involved in tonic alertness and left hemisphere mechanisms of phasic alertness \[[@b57-medscimonit-20-2256]\]. Because in our study children with DD performed worse than controls in both types of alertness tests, we might consider such deficits as resulting from dysfunction of the right and left hemispheric attentional network in DD.

The present study provides evidence of flexibility and divided attention dysfunctions in dyslexic children. Theoretically, these deficits might affect the reading process. Flexibility of attention is necessary for shifting focus from word to word during reading, and ability to pay attention to several things at once (divided attention) is necessary for the reading process because in DD it is not automatic and must be consciously controlled.

In our study, children with DD differed significantly from controls in the computerized Flexibility task, but no differences between groups were observed in the Go/NoGo task. These results are in accordance with those provided by Reiter et al. \[[@b18-medscimonit-20-2256]\], who used exactly the same computerized tests as we did. The Go/NoGo task appeared to be relatively easy for dyslexic children and, therefore, might not be an adequate measure of inhibition deficits in DD, particularly since results from the Flexibility task might indicate a reduced ability to suppress irrelevant responses in the dyslexic group.

Although children with DD made a number of errors comparable to non-dyslexic children in the Flexibility task, the mean reaction times they achieved were significantly longer. Thus, the interpretation of the results in terms of impaired ability to shift attention or suppress irrelevant reactions is not obvious. Considering the scores on other attentional tasks obtained in our study by dyslexic children, it is more likely that poorer performance on the Flexibility test results from a general motor slowness in this group.

Similarly, in the present study, children with DD had significantly longer reaction times in the Divided Attention test than their normal reading peers, but the groups were not significantly different in the number of errors in this task. Again, when interpreting the results of the test, one should consider a slowed processing speed as affecting the performance on the Divided Attention task.

In the present study, children with DD also showed deficits in covert attentional shifting. Difficulties in changing perceptual set may result in ineffective integration of letters in words alone and words in sentences, leading to reading difficulties. Specifically, the dyslexic group had longer reaction times compared to normal-reading controls in trials with valid and invalid cues. In general, in the valid cue condition, reaction times are faster than in the invalid cue condition \[[@b22-medscimonit-20-2256]\], as was found in our study in the dyslexic and control groups. Attention directed to a visual field by the valid cue facilities selection of information in that region, whereas the invalid cue condition corresponds to attentional inhibition (suppressed processing at an unselected location). The present study shows that both these functions -- attentional facilitation and inhibition -- were impaired in children with DD.

According to Posner and Petersen \[[@b14-medscimonit-20-2256]\], the covert shift of attention depends on the magnocellular system, which is responsible for timing visual events and projects to the occipital and parietal cortex. Therefore, our results also support the existence of magnocellular deficit in DD \[[@b6-medscimonit-20-2256]\].

We found impairments in visual search in dyslexic children. A possible explanation of these results comes from SAS theory \[[@b9-medscimonit-20-2256]\], according to which the attention-related deficit in processing of rapid sequences is caused by parietal lobe damage. SAS postulates an abnormally long attentional dwell time in persons with DD, which might lead to difficulties with fast disengaging from one visual stimulus to another. Therefore, such a deficit may result in less accurate performance on the visual search tasks.

In the present study, children with DD were asked to perform visual scanning of letters. Thus, interpretation of poorer performance on the visual search task might be rather complicated, considering an impaired reading ability and familiarity with letters in dyslexic readers. Visual search performance might be also influenced by working memory, which is necessary to keep representation of the target stimulus active while performing the search task. This may affect search strategies and result in slower search time.

DD readers were not significantly different from the control group in the Vigilance test in our study ([Table 1](#t1-medscimonit-20-2256){ref-type="table"}). Dyslexic children were previously found to be impaired in continuous performance tasks, which are used as a measure of sustained attention \[[@b58-medscimonit-20-2256]\]. However, a lack of deficits in maintaining attentional focus over a longer period of time in dyslexic readers was also reported \[[@b59-medscimonit-20-2256]\]. This discrepancy in the results might be due to the fact that impairments in vigilance become more apparent with an increasing level of task difficulty (e.g., when multiple objects must be attended) \[[@b60-medscimonit-20-2256]\]. Nicolson and Fawcett \[[@b61-medscimonit-20-2256]\] showed that dyslexic children performed as well as the controls in simple reaction time to tones but not to choice reaction time to 2 stimuli (tone and flash). Thus, the increased task complexity could account for the discrepancy in the vigilance task performance of dyslexic subjects.

There were no significant differences between dyslexic and the control group in the Go/NoGo and Vigilance tests in the present study. These tasks are often used to discriminate ADHD from control groups \[[@b62-medscimonit-20-2256],[@b63-medscimonit-20-2256]\]. Therefore, our results are less likely to be due to possible selection biases, such as inclusion of DD children with co-occurring ADHD.

To summarize, results of the present study points to specific difficulties in DD and not an overall attentional impairment. Dyslexic children performed poorly on the alerting and orienting components of attention, flexibility, divided attention, and visual search, but not on inhibition and vigilance tests. Since many different factors might affect the attentional test performance, they should be taken into account when interpreting the results.

Subgroups of DD
---------------

To further explore the nature of attentional processes in DD, first the PCA was conducted and, then, the cluster analysis was calculated to distinguish different patterns of attentional deficits in dyslexic children. As shown in [Table 2](#t2-medscimonit-20-2256){ref-type="table"}, the PCA revealed 5 different factors: "Alertness", "Covert shift of attention", "Attentional shifting", "Visual search", and "Vigilance". Unfortunately, due to requirements restricting the variables that can be included in the PCA, the analysis was predominantly based on the mean reaction times achieved in the tasks. Otherwise, the number of errors, which is an important measure of the correctness level, could have significantly influenced the PCA results.

The cluster analysis showed 3 subtypes of DD ([Figure 1](#f1-medscimonit-20-2256){ref-type="fig"}, [Table 3](#t3-medscimonit-20-2256){ref-type="table"}). Cluster 1 displayed deficits in visual search, flexibility, and divided attention. Cluster 2 poorly performed on the tasks measuring alertness, covert shift of attention, divided attention, visual search, and vigilance. Cluster 3 showed impairments in covert shift of attention and visual search tests.

Other authors also showed that children with DD might be classified into groups. King et al. \[[@b64-medscimonit-20-2256]\] distinguished 4 dyslexic groups characterized by deficit in either phonological awareness or rapid naming, both these tasks, or none. Heim et al. \[[@b65-medscimonit-20-2256]\] identified 3 clusters of dyslexic children impaired in either phonological awareness, or attention or phonological skills, in combination with auditory and magnocellular functions. We believe that the present study is the first in which different attentional processes were explored to identify cognitive patterns in DD.

We found that each cluster performed poorly on visual search, which might indicate that it is a general cognitive problem in DD. However, a visual search task is rather complex (see the previous section for details) and poorer performance on this test might be due to different factors. Accordingly, in cluster 1, which also displayed deficits in the Flexibility and Divided Attention tasks, impaired attentional shifting or executive function could be a major dysfunction. Cluster 2 had longer reaction times compared to the control group in all tests used in the study except for the Flexibility and Go/NoGo, and might have slowed information processing speed. Finally, co-occurring deficits in visual search and covert shift of attention in Cluster 3 indicates an impaired ability to focus attention on part of the visual field as a major attentional problem in DD. Therefore, the cluster analytic approach might help to classify attentional deficits in DD.

Conclusions
===========

The present study provides evidence of heterogeneity of attentional deficits in DD. The cluster analysis appeared to be a useful method for subtyping DD children based on attentional test performance. Three distinct patterns of cognitive functioning in DD were identified, corresponding either to the executive dysfunction or slowed processing speed or visuospatial deficit. As a consequence for diagnosis and therapy, a view of multiple cognitive impairments in DD might promote use of intervention programs focused on the individual child's deficit profile.

Future studies might use the cluster analytic approach to include additional cognitive functions in accordance with recent theories in DD, such as phonological skills, auditory processing, or rapid naming. These analyses could improve classification of multiple cognitive deficits in reading disorders.

**Source of support:** This study was supported by the Polish Ministry for Science and Higher Education Grant No. N N403 214939

![Reading, phonological, and attentional tests performance (mean and standard deviation values) in dyslexic clusters and the control group.](medscimonit-20-2256-g001){#f1-medscimonit-20-2256}

###### 

Neuropsychological test performance (median, minimum and maximum values) in dyslexic and control group as well as z values for between-groups comparisons (*Mann-Whitney's test*). The statistically significant differences are marked with asterisks.

  Variable                                             Dyslexia (n=78)       Control group (n=32)   z value
  ---------------------------------------------------- --------------------- ---------------------- --------------------------------------------------------------
  Total IQ                                             99.5 (90--122)        101 (91--119)          1.50
  Verbal IQ                                            98.5 (80--126)        100.5 (84--120)        1.93
  Non-verbal IQ                                        100 (79--125)         102 (80--134)          .45
  Real Word Reading                                    51 (13--78)           77 (46--89)            6.35[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Artificial Word Reading                              27 (5--57)            51.5 (28--70)          6.53[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Digit Span Forward                                   5 (2--8)              5.5 (2--9)             1.50
  Digit Span Backward                                  4 (1--6)              4 (2--8)               1.85
  Phonological Awareness Test                          64 (15--89)           77.5 (60--95)          4.80[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Alertness without warning signal (errors)            2 (0--7)              2 (0--8)               .16
  Alertness without warning signal (MRT)               271.5 (199--479)      248.5 (184--326)       3.24[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Alertness with warning signal (errors)               5 (0--46)             4 (1--21)              1.09
  Alertness with warning signal (MRT)                  247.5 (183--411)      238 (177--411)         3.04[\*\*](#tfn2-medscimonit-20-2256){ref-type="table-fn"}
  Covert Shift of Attention -- valid cues (errors)     2 (0--26)             1 (0--4)               2.88[\*\*](#tfn2-medscimonit-20-2256){ref-type="table-fn"}
  Covert Shift of Attention -- valid cues (MRT)        513.5 (323--908)      478.5 (255--713)       2.20[\*](#tfn1-medscimonit-20-2256){ref-type="table-fn"}
  Covert Shift of Attention -- invalid cues (errors)   3 (0--30)             3 (0--13)              1.94
  Covert Shift of Attention -- invalid cues (MRT)      581 (323--964)        502.5 (305--799)       2.48[\*](#tfn1-medscimonit-20-2256){ref-type="table-fn"}
  D2 Attention Assessment Test (errors)                29 (8--70)            8 (1--40)              6.51[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  D2 Attention Assessment Test (letters)               343 (224--539)        416 (331--653)         5.25[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Divided Attention (errors)                           7 (2--22)             7 (0--12)              .82
  Divided Attention (MRT)                              904 (624.5--1645.5)   613 (454--1503)        4.75[\*\*\*](#tfn3-medscimonit-20-2256){ref-type="table-fn"}
  Flexibility (errors)                                 3 (0--20)             3 (0--5)               1.01
  Flexibility (MRT)                                    589.5 (406--1075)     546.5 (314--900)       2.04[\*](#tfn1-medscimonit-20-2256){ref-type="table-fn"}
  Go/NoGo (errors)                                     4 (0--14)             3 (0--11)              1.72
  Go/NoGo (MRT)                                        489 (293--790)        449 (342--714)         1.03
  Vigilance (errors)                                   2 (0--14)             1 (0--8)               1.71
  Vigilance (MRT)                                      767 (450--1487)       704.5 (431--1083)      1.86

p\<0.05;

p\<0.01;

p\<0.001;

MRT -- mean reaction time.

###### 

Principal component analysis showing rotated factor loadings on different aspects of attention. The factor loadings greater than .50 are written in bold font.

                                                    Factor loadings                                     
  ------------------------------------------------- ----------------- ---------- ---------- ----------- ----------
  Alertness with signal (MRT)                       **.904**          .184       .100       .024        .011
  Alertness without signal (MRT)                    **.890**          .147       .080       .074        .217
  Covert Shift of Attention -- valid cues (MRT)     .105              **.957**   −.005      .060        .044
  Covert Shift of Attention -- invalid cues (MRT)   .196              **.935**   .083       .080        .002
  Flexibility (MRT)                                 .045              −.070      **.901**   .063        −.037
  Go/NoGo (MRT)                                     .171              .143       **.833**   .054        −.117
  Divided Attention (MRT)                           −.432             .066       **.531**   .061        .509
  D2 Attention Assessment Test (errors)             −.090             .186       −.064      **.833**    −.049
  D2 Attention Assessment Test (letters)            −.179             .056       −.199      −**.787**   −.083
  Vigilance (MRT)                                   .250              .022       −.171      .010        **.867**

MRT -- mean reaction time.

###### 

Neuropsychological test performance (means and standard deviations) of dyslexic clusters and the control group and t statistic values for between -- group comparisons. The statistically significant differences are marked with asterisks.

  Variable                                             Mean (standard deviation)   t value                                                                                                                                                                             
  ---------------------------------------------------- --------------------------- ----------------- ----------------- ----------------- -------------------------------------------------------------- -------------------------------------------------------------- ---------------------------------------------------------------
  Total IQ                                             101.37 (7.88)               101 (7.88)        97.13 (5.30)      103.25 (8.27)     --                                                             --                                                             --
  Verbal IQ                                            98.88 (10.46)               98.15 (10.76)     97.87 (8.90)      103.47 (10.89)    --                                                             --                                                             --
  Nonverbal IQ                                         102.72 (11.61)              103.80 (7.98)     96.60 (8.22)      103.69 (13.36)    --                                                             --                                                             --
  Digit Span Forward                                   4.95 (1.38)                 4.95 (1.57)       4.73 (1.67)       5.47 (1.78)       --                                                             --                                                             --
  Digit Span Backward                                  3.88 (1.05)                 3.65 (1.27)       3.40 (1.18)       4.22 (1.29)       --                                                             --                                                             --
  Real Word Reading                                    49.49 (17.34)               45.80 (19.21)     49.93 (21.38)     74.06 (11.91)     6.21[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   5.85[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   4.55[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  Artificial Word Reading                              29.19 (12.01)               25.75 (14.24)     29.20 (16.45)     50.28 (10.59)     7.10[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   6.86[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   5.29[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  Phonological Awareness Test                          62.40 (16.38)               61.45 (13.39)     54.73 (20.16)     76.94 (9.54)      4.21[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   3.67[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   4.80[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  **Attention**                                                                                                                                                                                                                                                        
  Alertness without warning signal (errors)            1.74 (1.18)                 1.75 (1.02)       2.07 (.88)        1.94 (1.52)       --                                                             --                                                             --
  Alertness without warning signal (MRT)               269.58 (45.26)              325.5 (70.41)     271.73 (27.91)    248.25 (35.63)    1.96                                                           5.81[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   1.61
  Alertness with warning signal (errors)               7.3 (7.89)                  7.9 (5.34)        6.87 (3.94)       6.22 (5.34)       --                                                             --                                                             --
  Alertness with warning signal (MRT)                  245.51 (37.78)              289.35 (62.18)    249.87 (32.32)    228.69 (23.72)    1.82                                                           5.39[\*\*](#tfn7-medscimonit-20-2256){ref-type="table-fn"}     1.71
  Covert shift of attention -- valid cues (errors)     2.47 (2.68)                 1.85 (1.18)       4.07 (6.24)       1.34 (1.0)        1.64                                                           .61                                                            2.98[\*\*](#tfn7-medscimonit-20-2256){ref-type="table-fn"}
  Covert shift of attention -- valid cues (MRT)        488.26 (50.77)              583.15 (151.88)   586.53 (103.66)   478.41 (92.21)    .44                                                            3.86[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   3.63[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  Covert shift of attention -- invalid cues (errors)   5.16 (5.9)                  4.35 (2.89)       5.33 (7.06)       3 (2.63)          --                                                             --                                                             --
  Covert shift of attention -- invalid cues (MRT)      562.47 (78.35)              645.3 (147.29)    661.6 (143.29)    540.63 (128.18)   .80                                                            3.12[\*\*](#tfn7-medscimonit-20-2256){ref-type="table-fn"}     3.29[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  D2 Attention Assessment Test (errors)                26.21 (11.38)               27.9 (10.49)      56.07 (11.61)     11.19 (9.01)      6.06[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   5.53[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   13.52[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  D2 Attention Assessment Test (letters)               363.58 (66.57)              361.55 (76.41)    310.27 (36.93)    450.44 (90.64)    5.07[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   4.25[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   6.1[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}
  Divided Attention (errors)                           7.21 (3.92)                 8.95 (4.88)       7.13 (2.77)       6.59 (3.09)       --                                                             --                                                             --
  Divided Attention (MRT)                              838.21 (255.38)             908.15 (281.73)   794.6 (164.7)     665.19 (192.75)   3.17[\*\*](#tfn7-medscimonit-20-2256){ref-type="table-fn"}     3.65[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   1.77
  Flexibility(errors)                                  3.02 (2.99)                 4.05 (2.95)       2.67 (1.5)        2.56 (1.19)       --                                                             --                                                             --
  Flexibility(MRT)                                     669.14 (173.24)             569.6 (104.44)    546.07 (86.86)    553.78 (136.34)   3.47[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   .39                                                            .17
  Go/NoGo (errors)                                     4 (2.94)                    4.95 (2.37)       5.13 (3.72)       3.53 (2.76)       --                                                             --                                                             --
  Go/NoGo (MRT)                                        512.93 (103.99)             469.2 (103.13)    481.47 (55.94)    473.53 (79.71)    --                                                             --                                                             --
  Vigilance (errors)                                   2.4 (2.28)                  4.5 (3.86)        2.53 (2.26)       2.00 (2.11)       .65                                                            3.39[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   .66
  Vigilance (MRT)                                      717.49 (120.88)             979.95 (218.66)   706.4 (138.35)    709.84 (149.56)   .21                                                            6.19[\*\*\*](#tfn8-medscimonit-20-2256){ref-type="table-fn"}   .08

p \<.05;

p \<.01;

p \<.001;

MRT -- mean reaction time.
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